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Abscisic acid (ABA)-induced foliar senescence was examined using detached leaf segments of light-grown Hordeum 
vulgare L. cv. Dyan seedlings, incubated with or without exogenous ABA in either total darkness or under continuous 
illumination. In darkness, the chlorophyll (Chi) content declined rapidly, ABA levels increased sharply whereas carote-
noid levels were sustained, and declined gradually during the course of senescence. By comparison, untreated leaf 
segments exposed to continuous illumination displayed enhanced loss of Chi and carotenoids and slower rates of ABA 
accumulation. In response to exogenous ABA, Chi and carotenoid content of light-incubated leaf segments declined 
markedly and the rate of decline increased with an increase in exogenous ABA concentration. In dark-incubated leaf 
segments, exogenous ABA, in the range 0.1-1 00 ~M, had little or no significant effect on the rate of Chi loss, and cal-
culation of the Chi: carotenoid ratio revealed that dark-incubated leaf segments were insensitive to exogenous ABA. 
At 1 mM ABA, Chi loss was delayed. It is proposed that the inability of exogenous ABA to accelerate Chi breakdown in 
dark-incubated leaves was caused by a transient accumulation of carotenoids, and in particular xanthophylls, possibly 
related to the rapid elevation in endogenous ABA levels. Furthermore, it is suggested that retardation of carotenoid 
breakdown is a contributing factor accounting for differences in ABA-induced Chi loss between light- and dark-
incubated senescing leaves. 
Die invloed van absissiensuur (ABA) op die veroudering van blaarsegmente van Hordeum vulgare L. cv. Dyan 
saailinge wat in of algehele donkerte of in ononderbroke lig ge'inkubeer is, is ondersoek. In die donker het die chlorofil 
(Chl)-konsentrasie van onbehandelde blaarsegmente vinnig afgeneem, die ABA-konsentrasie het vinnig toegeneem 
en die karetono'iedkonsentrasie het stadig afgeneem. In onbehandelde blaarsegmente wat in ononderbroke lig 
ge'inkubeer is, het die Chl- en die karetono'iedkonsentrasie vinniger afgeneem en het die ABA-konsentrasie stadiger 
toegeneem. Na die toevoeging van eksogene ABA aan blaarsegmente wat in ononderbroke lig gehou is, het die Chi-
en karetono'iedkonsentrasie vinniger afgeneem hoe hoer die toegediende ABA-konsentrasie was. In die geval van 
blaarsegmente wat in die donker ge'inkubeer is, het eksogeen toegediende ABA tussen 0.1 en 1 00 ~M egter nie 'n 
betekenisvolle effek op die Chl-konsentrasie of op die Chi : karetono'ied-verhouding gehad nie. Teen 'n konsentrasie 
van 1 mM ABA is Chl-verlies vertraag. Ons stel voor dat die onvermoe van eksogene ABA om die Chl-afbreking in die 
donker te versnel, toegeskryf kan word aan die tydelike ophoping van karetono'iede, veral xantofille, wat moontlik ver-
band hou met die vinnige verhoging in eksogene ABA-konsentrasie. Die vertraging in karetono'iedafbreking is ook 'n 
bydraende faktor wat die verskil in ABA-ge'induseerde Chl-verlies tussen verouderende blaarsegmente in die donker 
en in lig. 
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Introduction 
Senescence consists of endogenously controlled degenerative 
processes leading to the death of individual cells, organs and 
organisms. Although gene expression is ultimately responsible 
for regulating this process, plant growth regulators, and in partic-
ular ABA, have been implicated in the induction of foliar senes-
cence (Nooden & Leopold 1988; Thimann 1987). Excised leaf 
segments incubated on solutions of ABA senesce more rapidly 
than those in distilled water when exposed to either light (Zhi-Yi 
et al. 1988) or darkness (Frommhold 1989). However, several 
contradictions are apparent. For example, studies have shown 
that leaf segments floated on solutions of ABA in darkness do 
not senesce as rapidly as those on water (Satler & Thimann 
1979) and that exogenous ABA may in fact retard ChI loss in 
darkness (Zhi-Yi et al. 1988). By comparison, Frommhold 
(1989) observed enhanced Chi degradation when leaf segments 
were incubated in darkness on solutions of ABA ranging from 1 
to 1 00 ~M, while 1 mM ABA significantly retarded the loss of 
ChI. 
Although Even-Chen and Itai (1975) provided strong circum-
stantial evidence to implicate ABA involvement in the trigger 
mechanism which regulates foliar senescence, numerous efforts 
to define the differences between leaf senescence in light and 
darkness (Cuello et al. 1990, 1991; Park & Thimann 1990; Satler 
& Thimann 1983; Thimann & Satler 1977) and the role of exo-
genous ABA (Frommhold 1989; Zacarias & Reid 1990; Zhi-Yi 
et al. 1988) have not resolved the problem. Furthermore, it has 
been suggested that ABA-stimulated Chi loss occurs as a result 
of increased ethylene sensitivity (Kao & Yang 1983). However, 
more recent studies have not been able to correlate an enhanced 
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effect of exogenous ABA on leaf senescence with changes in 
ethylene production and/or sensitivity (Aharoni 1989; Zacarias 
& Reid 1990). Thus, the acceleration of leaf senescence by ABA 
would appear to be independent of the action of ethylene. 
Degradation of the photosynthetic apparatus is the central, 
dominating process in leaf senescence and is usually character-
ized by loss of ChI. Carotenoids are also part of the photosyn-
thetic chloroplast and they, too, are known to undergo changes 
during senescence. Since carotenoids are believed to protect the 
chloroplast from photodynamic damage (Demmig-Adams 1990; 
Krinsky 1979; Siefermann-Harms 1987), a difference in caroten-
oid metabolism in leaves incubated in either light or darkness 
may be expected and should be manifested as a function of the 
change in Chi content of senescing leaves. This paper, therefore, 
describes experiments that were carried out using H. vulgare to 
investigate the influence of exogenous ABA on senescence of 
detached leaf segments incubated under conditions of either con-
tinuous light or total darkness .. 
Materials and Methods 
Plant material and incubation procedures 
Seeds of Hordeum vulgare L. cv. Dyan (obtained from SENSAKO, 
Malmesbury, South Africa) were imbibed in running tap water for 2-
4 h and then sown in moist vermiculite where they were maintained 
under constant illumination (46 J..lmol m-2 S-I photon flux density, 
PFD), from four, 40-W cool-white fluorescent lights, at 25°C with 
daily watering. After seven days, 30-mm long segments were cut, 5 
mm below the apex of the first leaves, and floated on 10 ml of either 
(R,S)-ABA (0.1 J..lM - I mM) in distilled water or distilled water 
only in closed Petri dishes. Leaf segments were incubated either 
under continuous illumination (46 J..lmol m-2 S- I PFD) or in total 
darkness, at 25°C for periods of up to six days. At the end of the 
respective incubation times, leaf segments were carefully removed 
from the solutions, rinsed in distilled water and blotted dry, and the 
fresh weight was determined. 
Extraction and analysis of pigments 
For analysis of pigments, leaf segments were extracted at O°C in 
85% ice-cold acetone containing butylated hydroxy toluene (BHT, 20 
mg I- I) and ascorbic acid (10 mg I-I) as anti-oxidants, using an 
Ultra-Turrax top-drive tissue homogenizer. Extracts were filtered 
through Whatman No. 1 filter paper under low vacuum using a 
Buchner funnel. This process was repeated three times or until the 
tissue was rendered colourless. The combined filtrates were reduced 
to dryness in vacuo at 30°C and partially purified according to the 
procedure described by Eskins and Dutton (1979). Briefly, the 
residue was resuspended in 70% aqueous methanol and applied to a 
pre-rinsed Sep-pak CIS cartridge (Waters Chromatography Division, 
Millipore Corp., Milford, MA). Xanthophylls were eluted from the 
cartridge with 10 ml 90% aqueous methanol, ChI a and b were 
eluted with 10 ml 100% methanol, and ~-carotene with 10 ml 100% 
acetone, all at a flow rate of 2-3 ml min-I. The concentration of ChI 
a and b, ~-carotene and xanthophyll in the eluates was determined 
spectrophotometric ally as described by Lichtenthaler (1987), after 
calibration of the method with freshly prepared Chi a and ChI b. All 
manipulations were carried out in dim light to avoid isomerization 
and photo-oxidation of the respective compounds of interest. 
Extraction and analysis of ABA 
Tissue samples were homogenized in ice-cold methanol/ethyl 
acetate (50/50, v/v) containing butylated hydroxy toluene (20 mg I-I), 
ascorbic acid (10 mg I-I), a known amount of ABA-methyl ester 
(Sigma Chemical Co.) as internal standard and a small amount of 
[3HJ-ABA (specific activity, 1.91 TBq/mmol; obtained from 
Amersham International, U.K.) to correct for recovery. The 
homogenate was filtered through Whatman No. I filter paper using a 
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Buchner funnel and reduced to dryness in vacuo at 35°C. The 
residue was resuspended in distilled water, acidified and applied to a 
prewashed Sep-pak CIS cartridge. The cartridge was then eluted with 
I % aqueous acetic acid followed by 20% methanol in 1 % aqueous 
acetic acid, and ABA eluted with methanol! 1% aqueous acetic acid 
(65/35, v/v). The ABA fraction was collected, reduced to dryness in 
vacuo at 35°C, resuspended in a small volume of methanoll1% 
aqueous acetic acid (50/50, v/v) and filtered through a 0.2 J..lm 
Spinex ™ disposable centrifugal filter. Aliquots of the filtrate were 
then analysed by reversed-phase HPLC using a linear gradient of 
methanol, 0-100% in 0.5% aqueous acetic acid. Separation was 
achieved using a Bondaclone IO-J..lm CIS (150 x 3.9 mm i.d.) column 
(Phenomenex, Torrance, CA) at a flow rate of 1.0 mI' min-lover 45 
min and peaks were monitored at 254 nm with a LINEAR UVIs-200 
variable wavelength detector. Unequivocal identification of ABA 
was established by combined capillary gas chromatography-mass 
spectrometry analysis of the methyl ester derivative as previously 
described (Cowan & Rose 1991). 
Results 
The progress of foliar senescence has characteristically been 
determined by monitoring the breakdown of Chi a and b with lit-
tle attention given to changes in carotenoid content. Therefore, in 
defining the influence of exogenous ABA on foliar senescence in 
terms of changes in photosynthetic pigment concentration, it was 
considered important to determine the concentration of Chi a and 
b, ~-carotene and xanthophyll in the same tissue extract. The 
results presented in this paper are therefore representative of 
three independent experiments each comprising three replicates. 
ABA-induced changes in chlorophyll content 
The results presented in Figure lA and B show the effect of 
increasing concentrations of exogenous ABA on changes in Chi 
(a + b) concentration of H. vulgare leaf segments incubated in 
either continuous light or total darkness. Chi (a + b) content of 
control leaf segments declined rapidly in both light and darkness 
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Figure 1 Effect of exogenous ABA on ChI (a + b) content of leaf 
segments incubated in either light or dark. Leaf segments were 
floated on 10 ml of distilled water or solutions of ABA in closed 
Petri dishes and incubated in either continuous illumination (A) or 
total darkness (B) at 25°C. Treatments with ABA were 10-7 M (e), 
10-6 M (0), 10-5 M (.),10-4 M (D), 10-3 M (.a.) and water control (t.), 
and data presented as the mean of three replicates ± S.D. (range 
0.006-0.016 mg Chi g-I FW; or 13.05% mean variation of SD). 
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and the rate of decline was the same for both treatments (Figure 
IA & B). In light-incubated detached leaf segments, applied 
ABA enhanced the rate of Chi (a + h) breakdown and this 
response was proportional to the concentration of applied ABA 
(Figure IA). By comparison, exogenous ABA in the range 0.1-
I 00 ~M appeared to have little or no effect on the rate of Chi loss 
in dark-incubated leaf segments, while at a concentration of 1 
mM, applied ABA delayed Chi (a + h) degradation (Figure IB). 
Analysis of both Chi a and ChI h content revealed similar trends 
suggesting that ditTerences in Chi (a + h) degradation did not 
arise from differential rates of breakdown of Chi a and ChI h. 
ABA-induced changes in carotenoid content 
The results presented in Figure 2A and B illustrate the changes in 
carotenoid content of leaf segments treated with exogenous ABA 
in continuous light and total darkness. In light-incubated leaf 
segments, carotenoid concentration declined rapidly and the rate 
of decline increased with an increase in concentration of exoge-
nous ABA (Figure 2A). A more complex trend was observed in 
similarly treated but dark-incubated leaf segments (Figure 2B). 
Carotenoid levels in untreated dark-incubated leaf segments 
declined gradually throughout the six-day incubation period. A 
similar trend was observed for leaf segments treated with 0.1 ~M 
ABA. However, in response to 10 ~M and 1 mM ABA, an initial 
decline in carotenoid concentration was followed by a transient 
increase (Figure 2B). Maximum carotenoid content was attained 
2 and 3 days after the onset of incubation of leaf segments with 
10 ~M and 1 mM ABA, respectively. Thereafter, carotenoid con-
tent declined throughout the remainder of the incubation period. 
Interestingly, the carotenoid concentration was highest in 1 mM 
ABA-treated leaf segments and declined proportionately with a 
decrease in concentration of exogenous ABA during the . latter 
stages of dark incubation. In order to elucidate this aspect further, 
the influence of exogenous ABA on xanthophyll content of both 
Iight- and dark-incubated leaf segments was also determined and 
the results are presented in Figure 2A and B. 
Figure 3A shows that xanthophyll content increased slightly 
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Figure 2 ABA-induced changes in carotenoid content of detached 
senescing leaf segments. Conditions of incubation, in either continu-
ous light (A) or total darkness (B), were as described for Figure I, 
and data are presented as the mean of three replicates ± SO. Con-
centrations used were 10-7 M (e), 10-5 M (_), 10-3 M (.A.) and con-
trol (t.). 
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during the first day and then declined rapidly over the remainder 
of the incubation period for leaf segments exposed to continuous 
illumination. Additionally, the rate of decline of xanthophyll 
content increased in response to increasing concentration of 
exogenous ABA. By comparison, exposure of leaf segments to 
darkness caused an initial decline in xanthophyll content at day 
I, followed by an increase at day 2 of the six-day incubation 
period (Figure 3B). This fluctuation in xanthophyll concentra-
tions appeared to be proportional to the concentration of exoge-
nous ABA whereas the rate of decline in xanthophyll content, 
after day 2, seemed inversely related to the concentration of 
exogenous ABA used (Figure 3B). 
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Figure 3 ABA-induced changes in xanthophyll content of de-
tached senescing leaf segments. Conditions of incubation, in either 
light (A) or darkness (B) , were as described for Figure 1, and data 
are presented as the mean of three replicates ± SO. Concentrations 
used were 10-7 M (e), 10-5 M (.A.), 10-3 M (_) and control (t.). 
4 
~ 
~ , 
01 
01 
::::l. 
<{ 
co 
<{ 
0 
0 1 2 3 4 5 6 
Incubation time (d) 
Figure 4 Changes in ABA levels of detached leaf segments incu-
bated in either light or darkness. Leaf segments were floated on dis-
tilled water in either total darkness (e) or under conditions of 
continuous illumination (0) at 25°C and data represent the mean of 
three replicates ± SO. 
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Figure 5 Influence of ABA on changes in the Chi (a + b) : Carotenoid (x + c) ratio during senescence of detached leaf segments. Conditions 
of incubation in either light (0) or darkness (e) were as described for Figure I , and data are presented as the mean of three replicates ± SD. 
Senescence-induced changes in ABA content 
Although the above observations suggested that major differ-
ences between ABA-induced senescence of light- and dark-incu-
bated leaf segments arose due to alterations in the pattern of 
carotenoid breakdown, it seemed pertinent to determine changes 
in endogenous ABA levels, since carotenoids represent the pro-
posed precursors to ABA (Creelman 1989; Parry & Horgan 
1991). 'the results ill Figure 4 show that ABA content increased 
sharply in excised ' H. vulgare leaf segments incubated in dark-
ness, reach~ng a maxirtlUI:ll after three days. Thereafter, ABA lev-
els declined gr-adually as ageing continued, presumably due to 
product catabolism andlor efflux. A similar trend was observed 
for detach~d leaf segments aged in continuous light, although it 
- was less marked and occurred progressively later. 
Discussion 
Results from the present investigation show that both darkness 
and treatment with exogenous ABA acceierated senescence in 
detached leaf segments of light-grown H. vulgare seedlings, con-
firming previous' findings (Nooden & Leopold 1988 and refer-
en~es cited therein). By comparison, exogenous ABA in the 
range 0.1--,100 11M, appeared to h'avelittle or no significant effect 
• on dark-induced senescence of detacbed leaves when measured 
in terms 0f Chi breakdown. At 1 niM, however, ABA -appeared 
to retard ChllossappreciabIy in dark-incubated leaf segmentS. 
Similar findi~gs were recently reported by Frommhold (1989), 
. and attempts to explain this phenomenon in terms of pH-altered 
uptake rate of exogenous ABA did hot prove wholly successfuL 
The data in Figttte 5 show that the Chi (a + b): carotenoid (x + 
. c) ratio decreased with time and in response to the concentration 
of applied ABA in light-incubate-d leaf segments. However, 
although the (a + b) : (x + c) ratio decreased with time in dark-
incubated leaf segments, this ratio did not appear to respond to 
exogenous ABA at concentrations spanning several orders of 
magnitude. This observation suggests that dark-incubated leaf 
segments are insensitive to treatment with exogenous ABA, at 
least in terms of changes in the (a + "b) : (x + c) ratio. 
n has previously been demonstrated that exogenous ABA 
inhibits the light-induced synthesis of carotenoids in greening 
seedlings of Zea mays (Mercer &Pughe 1969) and H. vulgare 
(Lichtenthaler & Becker 1970). Whether this apparent depres-
sion in the synthesis of carotenoids (and Chi's) arose due to inter-
ference by ABA with the respective biosynthetic enzymes or by 
. ABA-induced increases in the rate of pigment turnover, is cur-
rently unknown. The data gathered in the present study seem to 
suggest that during senescence of light-incubated leaves, exoge-
nous ABA repressed pigment levels by stimulating both caroten-
oid and Chi breakdown. In dark-incubated leaf segments, how-
ever, exogenous ABA caused transient accumulation of caroten-
oids, possibly by influencing the rate of xanthophyll degradation. 
Given that carotenoids are involved in the photoprotection of Chi 
a (Demmig-Adams 1990; Siefermann-Harms 1987), it seems 
reasonable to suggest that the retardation of carotenoid break-
down by ABA treatment of dark-incubated leaf segments is a 
major contributing factor accounting for differences in ABA-
induced ChI loss between light- and dark-incubated leaf seg-
ments. 
It is also apparent from the results presented in this manuscript 
that Chi (a + b) breakdown occurred more slowly in dark- than in 
light-incubated leaf segments not treated with exogenous ABA. 
This delay in Chi loss was associated with an apparent reduced 
rate of carotenoid breakdown. During the course of dark-induced 
senescence, however, endogenous levels of ABA rose sharply, 
which might be indicative of the proposed interrelationship 
between xanthophyll metabolism and ABA biosynthesis (Creel-
man 1989; Parry & Horgan 1991). The accumulated ABA may 
contribute to alterations in ionic flux and intracellular pH (Heth-
erington & Quatrano 1991), thereby influencing the metabolism 
of carotenoids. This is particularly so given that dark treatment 
can induce zeaxanthin--dependent non-photochemical quenching 
due, in part, to the L'-.pH apparently maintained by ATP hydrolysis 
under conditions where consumption of ATP by the reductive 
pentose phosphate pathway is limited (Gilmore & Yamamoto 
1992). Accumulation of ABA during the course of foliar senes-
cence may, therefore, be part of the mechanism responsible for 
the co-ordination of progressive breakdown of plastid constitu-
ents. We have recently demonstrated that senescence-induced 
ABA production in dark-incubated leaves is stoichiometrically 
related to xanthophyll degradation (Afitlhile et al. 1993). Studies 
are thus being carried out to determine the influence of exoge-
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nous ABA on the carotenoid composition of detached senescing 
leaf segments of H. vulgare incubated in both light and dark. 
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